ABSTRACT: Amyotrophic lateral sclerosis (ALS) is a progressive and ultimately fatal neurodegenerative disease. Pyrazolone containing small molecules have shown significant disease attenuating efficacy in cellular and murine models of ALS. Pyrazolone based affinity probes were synthesized to identify high affinity binding partners and ascertain a potential biological mode of action. Probes were confirmed to be neuroprotective in PC12-SOD1 G93A cells. PC12-SOD1 G93A cell lysates were used for protein pull-down, affinity purification, and subsequent proteomic analysis using LC-MS/MS. Proteomics identified the 26S proteasome regulatory subunit 4 (PSMC1), 26S proteasome regulatory subunit 6B (PSMC4), and T-complex protein 1 (TCP-1) as putative protein targets. Coincubation with appropriate competitors confirmed the authenticity of the proteomics results. Activation of the proteasome by pyrazolones was demonstrated in the absence of exogenous proteasome inhibitor and by restoration of cellular protein degradation of a fluorogenic proteasome substrate in PC12-SOD1 G93A cells. Importantly, supplementary studies indicated that these molecules do not induce a heat shock response. We propose that pyrazolones represent a rare class of molecules that enhance proteasomal activation in the absence of a heat shock response and may have therapeutic potential in ALS.
A myotrophic lateral sclerosis (ALS), also known as Lou Gehrig's disease in the United States and as motor neurone disease in the United Kingdom, is a neurodegenerative disease affecting the upper and lower motor neurons controlling voluntary muscles that produce actions such as walking and respiration. The disease afflicts approximately 2 per 100 000 people worldwide, is invariably fatal, and has no known cure.
The phenotype and pathology of sporadic ALS (SALS), which accounts for 90% of patient cases, are indistinguishable from those of familial ALS (FALS) patients, 1 20% of which are caused by missense mutations in the gene encoding for Cu/Zn superoxide dismutase type 1 (SOD1). 2 Because SOD1-containing astrocytes have been identified as being common between both forms of ALS, the ALS mouse expressing mutant SOD1 is a widely used model of both FALS and SALS. 3 Furthermore, evidence shows that under conditions of cellular stress wild-type SOD1 plays a role in a significant fraction of sporadic ALS cases, supporting the use of SOD1-based models in the search for treatments of the sporadic form of the disease. 4 While the underlying pathophysiology of the disease remains unknown, there is mounting evidence that toxic protein misfolding and/or aggregation may be a primary trigger for motor neuron dysfunction and loss. 5 The underlying pathological mechanism that produces ALS has been the subject of extensive inquiry in studies of patients with familial forms of the disease. Many of the mutant proteins that cause FALS are misfolded and aggregated in these patients, including SOD1, 6 ubiquilin 2 (UBQLN2), 7 TAR DNA binding protein (TDP-43) 8 (also seen in motor neurons of sporadic ALS patients 9 ), and fused in sarcoma/translated in liposarcoma (FUS/TLS). 10 Recently, there is evidence that cytosolic mislocalization of FUS or TDP-43 in vitro and ALS in vivo kindle the misfolding of wtSOD1 in non-SOD1 FALS and SALS. 11 ALS shares the presence of prominent misfolded proteins as with many other neurodegenerative diseases. 12 We have previously reported the identification and optimization of molecular scaffolds for the treatment of ALS. 13 Included among these are the pyrazolones, represented by hit structure 1 and lead compound 2 ( Figure 1 ). 14, 15 The lead pyrazolone 2 is neuroprotective in a cellular model of ALS using PC12-SOD1 G93A cells and increases median survival time in an ALS transgenic mouse model by 13%, confirming its potential as a therapeutic candidate for ALS. Here we report mechanism of action studies and the use of a novel biotinylated probe for affinity purification and proteomic identification of high affinity binding proteins. The data generated support a mechanism of action involving proteasome activation by pyrazolones and provides insight into the potential of this chemical class in ALS therapy.
■ RESULTS AND DISCUSSION
As a result of the use of mutant SOD1 models during evaluations of pyrazolone efficacy, a natural starting point was to assess the binding of a variety of pyrazolone analogues to SOD1. Utilizing a 96-well plate colorimetric assay (Cayman Chemical), SOD1 (Sigma) was treated with varying concentrations of pyrazolones (1 μM to 10 mM) and dismutation of superoxide radicals generated by xanthine was measured. None of the compounds exhibited any SOD1 inhibition at concentrations in excess of their determined EC 50 values (Supporting Information Chart S1).
To further probe the target specificity of pyrazolone 2 across a range of CNS receptors, ion channels, and transporters the compound was analyzed in the NIMH Psychoactive Drug Screening Program at the University of North Carolina. The only protein antagonized by 2 to a significant level (>50%) was the G protein-coupled receptor metabotrophic glutamate receptor 5 (mGluR 5 ), showing 65% antagonism at 10 μM concentration of pyrazolone 2. Antagonists of the mGluR 5 receptor have been reported to be therapeutic in ALS. 16 If mGluR 5 represented the target of action of the pyrazolones, known mGluR 5 antagonists should prove active in our cellbased assay. However, when we screened seven known mGluR 5 receptor antagonists (including MPEP and fenobam) and antagonists of other mGluR receptor subtypes (LY 456236, specific for mGluR 1 , and LY 341495, specific for mGluR 2 / mGluR 3 ), none demonstrated antiaggregation activity (Supporting Information Table S1 ). On the basis of these results, we conclude that antagonists of the mGluR 5 receptor are inactive in our assay, and it is, therefore, unlikely that mGluR 5 antagonism is a significant mode of action for these compounds.
MG-132 is a well-established proteasome inhibitor that causes the accumulation of misfolded proteins into large toxic protein aggregates in mutant PC12-SOD1 G93A cells. Hence, the ability of pyrazolones to attenuate MG-132 induced cell death was anticipated to involve increased degradation and clearance of misfolded proteins. We used a reporter assay to monitor degradation of polyubiquitinated proteins in living cells ( Figure  2A, B) . 17 PC12 cells expressing a degradation-tagged (polyubiquitinated) yellow fluorescent protein (Ubi-YFP) generated basal fluorescence emission of 0.12 AU, which increased to 0.35 AU when the proteasome was inhibited upon incubation with MG-132 (10 nM). By comparison, the internal coexpressed cyan fluorescence protein (CFP) control reporter was unaffected. Upon treatment of MG-132-inhibited cells with initial hit pyrazolone compounds 1 (EC 50 = 0.7 μM) or 3 (EC 50 = 0.55 μM) (Figure 2C ), the relative fluorescence was reduced to approximately control levels with a 25 μM dose of compound. This demonstrates that pyrazolones can overcome MG-132-mediated proteasome inhibition to increase intracellular protein degradation albeit at a 36−45-fold higher concentration than cellular EC 50 values. On its own, this result may suggest direct interaction between pyrazolones and MG-132. However, our in vivo studies have clearly demonstrated that pyrazolones possess disease-modifying efficacy in a disease model that does not involve MG-132.
14 Also, there was no reaction of 1 with MG-132, as seen by NMR spectroscopy. Furthermore, our in vitro neuroprotection assay was validated with reversal of bortezomib (a proteasome inhibitor)-induced cytotoxicity in PC12-SOD1 G93A cells during initial assay development. 13 These results implicate proteasome activation as a mechanism of action for these early hit compounds.
Another possible mode of action for pyrazolones could relate to effects on protein stability or nascent chain folding, thereby shifting the equilibrium to misfolding and activating the heat shock response; activation of the heat shock response (HSR) has been well established as an effective therapeutic target and there are several examples in the literature of proteasomal activators acting via a mechanism that relies on heat shock induction. 18, 19 Several pyrazolones were tested for their ability to induce a HSR using a HeLa cell based assay monitoring a human Hsp70 promoter-luciferase reporter; representative examples are initial hits 1 and 3 ( Figure 2D ). Pyrazolones at concentrations equal to those used in the proteasome activation assay above did not induce a heat shock response relative to the known positive control HSR activators celastrol and CdCl 2 . Indeed, the pyrazolones did not induce a HSR even at concentrations ∼100 times greater than their established neuroprotective EC 50 values. These results establish that the pyrazolones do not cause cellular stress resulting in HSR induction and are a unique chemical class that is capable of enhancing proteasomal activity in the absence of a heat shock response.
Lead compound 2 has demonstrated excellent in vitro and in vivo efficacy, and was amenable to biological probe synthesis via biotinylation to provide a water-soluble biotinylated probe, 20 BP [ Figure 3A (see the Supporting Information or published work for synthetic details)]. The inclusion of a tetraethylene glycol linker was necessary to afford sufficient solubility for biochemical target identification studies. 21 We have previously demonstrated that the BP retains activity in our cellular ALS model, with an EC 50 = 0.67 μM. 22 Hence, the BP is ideally suited for use in a target identification study using affinity-bait chromatography. 23 To identify intracellular targets of lead compound 2 within the rat PC12 SOD1 G93A cellular model, the BP was immobilized on neutravidin bound agarose beads under saturating conditions and incubated with PC12 SOD1 G93A cell lysate. 17 Proteins binding nonspecifically were removed by sequential washing with a prepared washing solution (4% DMSO in PBS) followed by elution of the proteins in the loading buffer and denaturation by heating (70°C, 10 min). The eluted proteins were run on SDS-PAGE and visualized by silver staining ( Figure 3B , lane 5). A blank sample of PC12 SOD1 G93A lysate incubated with neutravidin beads was examined to ascertain background levels of proteins associated with the neutravidin beads ( Figure 3B, lane 3) . Bands present in lane 3 indicate some nonspecific background, which is a common artifact in avidin pull-down experiments. 24 Comparison of lane 3 (neutravidin binding proteins) and lane 5 (BP-boundneutravidin binding proteins) indicated the presence of new authentic protein bands. Additionally, the higher affinity lead, 2, outcompeted the BP for the target proteins ( Figure 3B, lane 4) . Coomassie blue staining was found to be ineffective in visualizing protein bands in this experiment, indicating that very little protein was captured. 25 Figure 3B is representative of pull-down experiment results, and additional pull-down controls can be found in the Supporting Information ( Figure  S1 ).
Replicate experiments of lane 3 (background pull-down) and lane 5 (target pull-down) were carried out and subjected to proteomic analysis using LC-MS/MS. 26 Each sample was run in two lanes on the same gel, which was severed in half; one half was silver stained to visualize the bands, and the other half was left untreated for band excision (see Figure S1 , for stained gel). Recombination of the two halves allowed for identification of the band locations without the need to destain, a process that can cause erroneous data in the mass spectrometric analysis in the case of silver staining. The proteins in the unstained gel (20−150 kDa range) were excised in 25−35 kDa sections and submitted to in-gel tryptic digest followed by LC-MS/MS. Protein targets presented by the proteomics database were further analyzed by sequence matching probability score, mass, and known biological function. Relevance criteria were set as follows: (a) sequence probability of 99.9% was required for a protein to be considered a hit; (b) the biological function of the protein needed to have a strong relevance to the observed bioactivity; (c) the mass was required to be a close match to the enriched bands appearing on the SDS-PAGE gel; (d) the identified protein must not be present in the background neutravidin pull-down sample.
In-solution digestion is a milder technique that allows proteomics analysis of proteins from the pull-down solution without running SDS-PAGE separation. The affinity protocol was repeated with the exception that SDS-PAGE analysis was not performed. The "in-solution" BP bound to its protein targets was submitted directly to proteomics analysis. Direct comparison of the merged results from the in-gel and insolution digestion, and subtraction of "background" proteins retained by the neutravidin/lysate solution (lane 3), provided excellent insights into potential targets (Table 1) .
In-gel digestion and proteomics analysis identified the 49 kDa 26S proteasome regulatory subunit 4 (PSMC1) protein.
Evidence suggests that inhibition of the 26S proteasome plays a role in the pathogenesis of ALS in a mouse model of the disease. 27 Thus, activation of the 26S proteasome would be expected to be beneficial in ALS by increasing the rate of disposal of toxic misfolded proteins. The in-gel digestion proteomics analysis identified several relevant protein bands in the 50−60 kDa range. Cytoplasmic dynein 1 light-intermediate chain 1 is a 57 kDa protein that is the major retrograde motor, responsible for movement of freight from the synapse along the axon and back to the cell body and interacts with a large amount of signaling pathways; its many roles are only partially characterized. Mutations in the heavy chain are known to ameliorate neurodegeneration in mouse models of ALS. 28 However, on the basis of control experiments and "in-solution" proteomics data, this protein was established to be nonspecific to our BP. Several low probability (<10%) hits were of particular interest in this mass region, namely, the T-complex protein 1 (TCP-1) subunits zeta (58 kDa), eta (59 kDa), gamma (61 kDa), alpha (60 kDa), theta (60 kDa), delta (58 kDa), epsilon (60 kDa), and beta (57 kDa). Detection of so many subunits seems to suggest the presence of TCP-1 that is degraded under the experimental conditions of in-gel digestion or fragmented by mass spectrometry. TCP-1 subunits alpha and epsilon (approximately 60 kDa) were identified when the milder in-solution digestion technique was employed, and remained after subtraction of the background control. A 99.9% probability, an increase of 95% from that detected in the in-gel digestion technique, was reported, indicating that the Tcomplex protein 1 is bound by the BP, validating the use of ingel and in-solution methods in parallel. TCP-1 is a molecular chaperone that plays a crucial role in the folding of tubulin, actin, and a host of other cytosolic proteins, including mutant huntingtin.
29, 30 The 47 kDa 26S proteasome regulatory subunit 6B (PSMC4) was also identified in the in-gel digestion, further suggesting that the mode of action for these compounds involves targeting the proteasome. Three unique proteins identified from the affinity-bait pull-down experiment implicate the proteasome as an important mechanism of action for the pyrazolone compounds. We next revisited the effect of these higher potency compounds on protein degradation in PC12 SOD1 G93A cells using fluorogenic proteasome substrate III, an assay method that is more sensitive at lower concentration than the previously utilized PC12 cell ubi-YFP assay. If the pyrazolone compounds do indeed activate the proteasome, they would be expected to elicit increased degradation of a substrate in the absence of the exogenous proteasome inhibitor MG-132. Pyrazolones 1, 2, and BP demonstrated proteasome activation by 50−70% above dimethyl sulfoxide (DMSO) controls level in the absence of MG-132 (Figure 4) . Furthermore, all pyrazolones were able to overcome MG-132 proteasome inhibition at EC 50 concentrations (Supporting Information Chart S2). This, along with the protein targets identified herein, is suggestive that the pyrazolone binding site differs from the substrate binding site occupied by MG132. These results, generated using a fluorogenic substrate, ensure a Proteomic analysis was carried out using SwissProt_2012_07 sequencing database using MASCOT software (selected for Rattus norgevicus species). Proteins were identified with 99.9% certainty and authenticated using control experiments. Consistent proteomic results were obtained on separate occasions by more than one researcher with blinded samples and multiple digestion methods using our affinity-bait technique. Proteins relevant to our mechanism of action that were identified in both in-gel and in-solution digests are listed above. b Total spectrum count from BP competed with compound 2. A complete list of the proteomic results and raw data can be found in the Supporting Information. that the cellular activity of these compounds is not the result of inhibition of YFP fluorescence in the PC-12 Ubi-YFP constructs or action of the compounds to antagonize MG-132. Critically, the observed activity provides biological validation of proteasome activation as a mechanism of action of these therapeutic candidates.
It is, therefore, a reasonable probability that these compounds act by stabilizing or enhancing proteasome activity. Of critical significance is that all of the identified protein targets are involved in regulating proteasome activity, and that proteasome modifications and impairment have been detected in ALS vulnerable neurons and other tissues. 31 A link between ALS and the ubiquitin proteasome system (UPS) has been suggested. 31 Transgenic mice expressing SOD1
G93A were found to undergo a decrease in constitutive proteasome subunits during disease progression. PSMC1 and PSMC4 are proteasomal ATPases associated with diverse cellular activities (AAA)_ATPase proteins. 32 The eukaryotic 26S proteasome is composed of a 20S barrel shaped catalytic core in which the enzymatic protease sites located within the barrel lumen are bound to a 19S regulatory cap structure. Access of protein substrates to the lumen is restricted and depends upon the proteasomal AAA_ATPase proteins which form the base of the 19S cap. Mechanical forces generated by cycles of ATP binding and hydrolysis unfold substrates, open the proteolytic chamber, and translocate substrate proteins into the catalytically active 20S lumen. Thus, compounds that modify the activity of these AAA_ATPase proteins would be expected to alter proteasome activity. Similarly, it has been proposed that TCP-1 interacts with the proteasome and facilitates the degradation of TCP-1 substrates that have misfolded; the TCP-1 complex functions in assisting protein degradation through interaction with the proteasome. 33 It is, therefore, feasible that activation of TCP-1 could affect the conformation of misfolded substrates and, thereby, the rate of clearance by the proteasome.
While there is no evidence for structural homology between the proteasomal AAA_ATPase proteins and TCP-1 complex proteins, strong homology is seen within these protein families.
32,34 National Center for Biotechnology Information protein BLAST analysis 35 indicates that PSMC4 is the human protein most closely related to PSMC1, with the most closely related PSMC4 isoform showing 52% identity with PSMC1. Similarly, BLAST analysis indicates close similarity within the human genome among the TCP-1 complex proteins with the alpha subunit showing the closest homology to the eta subunit (36% identity), but also significant homology to the epsilon subunit (33% identity). Therefore, it would be reasonable to expect that chemical probes might bind similarly to highly homologous proteins within these families.
We have shown that incubation of PC12-YFP expressing cells with MG-132-induced impairment of proteasome activity with several of our pyrazolones (1, 2, and BP) increases proteasome function to statistically significant levels (Supporting Information Chart S2) at concentrations equal to the EC 50 value of each compound. Furthermore, initial hit pyrazolones also demonstrate this effect at higher concentrations ( Figure  2A, B) . Critically, both the lead pyrazolone and biotinylated probe compounds demonstrate proteasome activation measured by the enhanced degradation of proteasome substrate III in the absence of an exogenous proteasome inhibitor ( Figure  4) . The similar levels of activity detected in both compound 2 and its biotinylated derivative BP validate that the probe functionality does not impede the pharmacophore of this class of molecule. This activity provides biochemical support for the proposed mechanism of action by these compounds: interaction of the pyrazolones with PSMC1, PSMC4, and/or TCP-1, which leads to proteasome activation.
■ SUMMARY
When taken collectively, the data presented herein indicate that the pyrazolones act as enhancers of proteasomal activity, possibly via direct activation/stabilization. Compared to proteasome inhibitors, activators are rare and poorly understood, leading to a need for the generation of small molecules that act by this mechanism. 36 In support of this concept, the proteasome activator subunit PA28γ, when overexpressed in Huntington's disease neuronal model cells, was shown to increase the clearance of mutant aggregated huntingtin, 37 and there is evidence that ALS is a protein misfolding and aggregation disease. 11 Because the proteasome is the central cellular mechanism for disposing of aberrant proteins, increasing the turnover rate of the proteasome would be expected to increase the rate of disposal of these unwanted proteins and exert a therapeutic effect on a variety of neurodegenerative diseases. As the precise pathophysiology of ALS is unknown, activation of the proteasome is expected to be a valid therapeutic target. With so many proteins implicated to misfold and aggregate in ALS, targeting and activating the central disposal mechanism of the cell would be an important approach to combat misfolding and aggregation across the full range of proteins, rather than targeting only one protein in particular.
A survey of the literature reveals only one small molecule compound reported to have the effect of activating the proteasome. This compound acts by inhibiting USP14, a proteasome-associated deubiquitinating enzyme that can inhibit the processing of ubiquitin−protein complexes destined for degradation by the proteasome. Inhibition of USP14, in turn, results in proteasome activation. 38 The results presented herein provide strong evidence that the mode of action by which pyrazolone-containing compounds demonstrate therapeutic activity in ALS cellular and animal models is by activation of the proteasome through direct binding to constituent proteins of the 26S proteasome. Nonbiotinylated derivative 2 is active in a SOD1
G93A mouse model of ALS, extending mean average survival by 13%. The data presented posits the involvement of several proteins of the 26S proteasome, PSMC1 and PSMC4, in addition to the chaperone protein TCP-1, which is intricately involved in proteasome function. Together, these data describe a potentially multitargeted compound that activates and/or stabilizes the proteasome to provide therapeutic activity in cellular and murine models of ALS.
■ METHODS
Proteasome Activation Assay. The proteasome protection assay was performed with PC12 cells coexpressing proteasome reporter Ubi-YFP and CFP, either treated with vehicle alone, MG-132, MG-132 + compound 1, or MG-132 + compound 3 and MG-132 + pyrazolone derivatives. Cells were incubated for 24 h, and fluorescence quantified. Experiments were performed in replicate. For full details see ref 17 .
Proteasome Substrate Assay. Compounds were dissolved to a 10 mM concentration stock solution in DMSO. Compounds were assayed at their respective EC 50 concentrations. Two types of control wells were included on every plate: negative control wells containing DMSO (with and without MG-132). After 4 h incubation with the compounds, MG-132 was added to a final concentration of 700 nM to all wells except the negative control containing DMSO only and the compound assay plate with no MG-132. Cells were incubated in a 37°C 5% CO 2 incubator for 48 h. Media was removed by aspiration, and cells were washed with 500 μL of warm 1× PBS before the addition of 300 μL of cell lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1% Triton X-100) to each well. Plates were incubated at 37°C in a 5% CO 2 incubator for 30 min. Proteasome substrate III (Calbiochem 539142) was dissolved to 10 mM concentration in DMSO; 450 μL of this was diluted to 0.5 mM in 8.55 mL of cell media. A 60 μL aliquot was added to each well, which contained 300 μL of cell lysis buffer, bringing the final concentration of substrate to 100 μM in each well. The plates were incubated at 37°C in a 5% CO 2 incubator for 30 min. Fluorescence was read at 380 nm using a Biotek Synergy 4 microplate reader.
Heat Shock Response. The heat shock response was measured in a stable HeLa cell line containing a heat shock-inducible reporter construct that consists of the human Hsp70.1 promoter sequence fused to a luciferase reporter gene (HeLa-luc) that was maintained in Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA) with phenol red buffered with HEPES and supplemented with 10% v/v fetal bovine serum (FBS), 1% L-glutamine, 100 mg/mL penicillin/streptomycin, and 100 mg/mL of G418. Cells were maintained at 37°C with 5% CO 2 atmosphere until they were ready for passage or harvest. The HeLa-luc cells were treated with compounds for a 24 h incubation, the assay plates were equilibrated to room temperature, and luciferase was measured using the Bright-Glo Luciferase Assay System (Promega, Madison, WI) with the luminescence signal read with an Envision multilabel plate reader (PerkinElmer, Waltham, MA). Dose−response experiments were then performed in triplicate using a serial dilution of the relevant pyrazolone compounds or positive controls as indicated.
Affinity Chromatography. Two plates of PC12-SOD1 G93A cells, grown to ∼80% confluence, 17 were harvested at 4°C in PBS and centrifuged at 14 000 rpm. The resultant pellet was mixed with 400 μL of lysis buffer [20 mM HEPES, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X, supplemented with "Sigmafast" protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO)], and incubated on ice for 1 h. After centrifugation at 14 000 rpm, the lysate was divided into equal quantities (approximately 150 μL each) and incubated with the selected sample compound (10 mM).
Affinity beads were prepared as follows: Nutravidin-functionalized beads (1 mL per sample) were washed in cold PBS, gently shaken for 10 min, and centrifuged at 2000 rpm for 1 min; the process was repeated three times. Equal amounts (150 μL) of the slurry were transferred to separate Eppendorf tubes and nutated with 100 μL of a 10 mM solution of BP in water with 2% DMSO, for 1 h at 4°C. The treated beads were centrifuged and washed three times with cold washing solution (4% DMSO in PBS) to remove excess compound.
Following the incubation, lystate or preincubated lysate portions as required were loaded onto the functionalized neutravidin beads, and incubation was continued for 1 h at 4°C with gentle shaking. Upon completion of incubation, samples were centrifuged at 2000 rpm for 1 min, the supernatant was removed, and the beads were washed three times with 150 μL of washing solution. In those cases where posttreatment was described, the test compound was added to the sample (10 mM) and incubated at 4°C with gentle shaking for 1 h. Upon completion of incubation, samples were centrifuged at 2000 rpm for 1 min, the supernatant was removed, and the beads were washed three times with 150 μL of washing solution. Samples (24 μL with 6 μL of 5× loading buffer) were boiled and loaded on a polyacrylamide gel and run at 200 V. Polyacrylamide gels were stained with silver stain dye.
■ ASSOCIATED CONTENT
